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ABSTRACT 

We seek to understand whether the stellar populations of galactic bulges show evidence of 
secular evolution triggered by the presence of the disc. For this purpose we re-analyse the 
sample of Proctor and Sansom, deriving stellar population ages and element abundances from 
absorption line indices as functions of central velocity dispersion and Hubble type. We obtain 
consistent constraints on ages from the three Balmer line indices H/3, H 7 , and H5, based on 
stellar population models that take the abundance ratio effects on these indices into account. 
Emission line contamination turns out to be a critical aspect, which favours the use of the 
higher-order Balmer line indices. Our derived ages are consistent with those of Proctor and 
Sansom based on a completely different method. In agreement with other studies in the litera¬ 
ture, we find that bulges have relatively low luminosity weighted ages, the lowest age derived 
being 1.3 Gyr. Hence bulges are not generally old, but actually rejuvenated systems. We dis¬ 
cuss evidence that this might be true also for the bulge of the Milky Way. The data reveal 
clear correlations of all three parameters luminosity weighted age, total metallicity, and a/Fe 
ratio with central velocity dispersion. The smallest bulges are the youngest with the lowest 
a/Fe ratios owing to late Fe enrichment from Type la supernovae. Using models combining 
recent minor star formation with a base old population, we show that the smallest bulges must 
have experienced significant star formation events involving 10 — 30 per cent of their total 
mass in the past 1 — 2 Gyr. No significant correlations of the stellar population parameters 
with Hubble Type are found. We show that the above relationships with a coincide perfectly 
with those of early-type galaxies. In other words, bulges are typically younger, metal-poorer 
and less a/Fe enhanced than early-type galaxies, because of their smaller masses. At a given 
velocity dispersion, bulges and elliptical galaxies are indistinguishable as far as their stellar 
populations are concerned. These results favour an inside-out formation scenario and indicate 
that the discs in spiral galaxies of Hubble types She and earlier cannot have a significant in¬ 
fluence on the evolution of the stellar populations in the bulge component. The phenomenon 
of pseudobulge formation must be restricted to spirals of types later than She. 

Key words: stars: abundances - Galaxy: abundances - globular clusters: general - galaxies: 
stellar content - galaxies: elliptical and lenticular, cD 


1 INTRODUCTION 

Pseudo bulges are bulges formed out of disc material in secular pro¬ 
cesses J|Kormendjy^8^ A s laid out in detail in the recent review 
by iKormendv & Kennicud i2004) . they are ’are not just dust fea¬ 
tures or the outer disk extending inside a classical bulge all the way 
to the centre’, but appear to be built by nuclear star formation. In 
other words, the presence of pseudobulges in spiral galaxies should 
be detectable through fingerprints of relatively recent star forma¬ 
tion in their stellar populations. This seems to stand in clear con¬ 
trast to t he commonly accepted perception that bulges are gener¬ 
ally old jRenzin Idii. There is strong and compelling evidence 
that the bulk of stellar populations in the Milky Wa y Bulge are old 
without significant amounts of recent star formation jOrtolani et alJ 

ll995tlRenzin'illl999l: lF erreras et a i]l2003HZoccali et alJl200.3i) . On 


the other hand, blue colours, patchy dust features, and low surface 
brightnesses are found predominant ly in bulges of later type spirals 
ide Jondri996t IPeletier et al.lll999l) . Moreover, bulge colour and 
disc colour appear to be corr elated pointing toward the presence of 
secul a r evolution processe s jPeletier_&,Balcelljll99^ Iwvse et ^ 
Il997t IPeletier e t al.jj]_99jjGadotli^^o^Anjo|[]20(H|) Based on 
these indicationZ~ lKormend^^^ennlcutn200y Tonclude that 
stellar populations are at least consistent with the expectation that 
the latest type galaxies must have pseudobulges. 

The aim of this paper is to look into this in more detail, 
and to search for fingerprints of recent star formation in bulges 
by deriving average ages and abundance ratios of bulges along 
the Hubble sequence. We the use of the a/Fe ratio as a mea¬ 
sure for Type la supernova en richment, and hence late s tar forma¬ 
tion. We study the sample of IProctor & Sansoii] i2002L hereafter 
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PS02) comprising 32 spheroids in a relatively large range of Hub¬ 
ble types from E to Sbc. By means of abundance ratio-sensitive 
stellar population modellin g iTho mas. Maraston & Render! 1^0.31: 

iThomas. Maraston & Konill2004l . we derive luminosity weighted 

ages, metallicities, and a/Fe ratios of the central stellar popula¬ 
tions (inner ~ 250 pc) from a combination of metal indices (Mg b, 
Fe5270, Fe5335) and Balmer line indices (H(5 a, H 7 A, H/3). The re¬ 
sulting stellar population parameters are compared with the results 
obtained by PS02, and then analysed with two-component models 
with the aim to quantify the possible contribution of recent star for¬ 
mation on the basis of a generally old population. 

An additional constraint will be set by t he direct comparison 
with recent findings on early-type galaxies iThomas et alJl200^ 
under the premise that a deviation of bulge properties from those 
of early-type galaxies may provide further hints on the possible 
presence of secular evolution and pseudobulge components. 

The paper is organised as follows. After a brief summary of 
previous work in the literature on the stellar populations in bulges 
(Section|3, we will first present stellar population parameters ages, 
metallicities, and a/Fe ratios derived from Mg-, Fe- and the three 
Balmer line indices and compare them with the results of PS02 
(Section|3' In Sections|3and|3we will confront bulges with early- 
type galaxies and derive star formation histories to quantify the 
amount and epoch of possible rejuvenation events. The results are 
discussed in Sections|^andQ 

2 PREVIOUS AND CURRENT WORK 

2.1 Colours 

In the last decade, a number of papers have analysed colours of 
spiral bulges. Studying optical and near-infrared (near-IR ) colour 
maps. lBalcells & PeletieiHl994l and IPeletier et aljil999h find that 
bulges of early-types are as old as elliptical galaxies, while smaller 
bulges in later-type spirals do show bluer colou rs and hence ev¬ 
idenc e for more recent star formation (see also iMacArthur et alJ 
l2004h . In particular the steeper colour gradients in the latter point 
to the fingerprint of the galaxy disc and secular evolution of 
the bulge. This possibility is further suppo rted by the finding 
that fainter bulges h ave exponential profi les ^ Carollo et al 
iBalcells et alJl2003ll . are more elongated iFathi & Peletl^ 200^ . 
and are more deeply embedded in their host dis k than earlier type 
bulges JMacArthur. Courteau & Holtzmarl200.3h . These properties 
clearly distinguish late-type bulges from both their counterparts in 
early-type spirals and elliptical galaxies, pointing to the presence 
of secular evolution in later-type systems. 

2.2 Kinematics 

The Fundamental Plane provides a similar picture. Even though 
no significant difference is found between bulge rotational 

i iroperties and ellipticals with similar absolute magnitudes 
Kormendv & Illingvvortt]ll982t IPavies et alJll983j) and ellipti¬ 
cals and bulges form a common major sequence in the k- 
space, the latter are slightly of fset indicating lower M/L ratios 
tBender. Burstein & Fabeii l992|). T his offset seems to incre ase go- 
ing to later types fFalcdn-BanpsoT^letier & Balcellsl2002ll . These 
results imply that bulges and ellipticals must have had a common 
(or similar) formation epoch, while later type systems are in creas- 
ingly affected by secular evolution. IChung & Bureaul i2004h anal¬ 
yse boxy bulges in disc galaxies with types SO to Sbc, and find 


a large fraction of bar-like structures pointing toward a formation 
processes involving disc material. Hence, both studies of colours 
and kinematics of bulges clearly support secular evolution models. 

2.3 Absorption line indices - past 

The situation becomes much more confused when absorption line 
index data are taken into consideration. Earlier work analysing 
Mg- and Fe-indices conclu des that bulges are g/Fe enhanced 
just l i ke elliptical gala xies jBender.&Pafliie3 Il99j; iFjshereLalJ 
Il99d lldiart et al.lll99fil: Llablonka et alJll99d IC asusoe^n^9^ 
Also recent results of the Ca triplet absorption around 8600 A 
suggest no, or very small, differe nces between ellipticals and 
bulges: iFalcon-Barroso et alJ i2003h find that the latter seem to 
fit nicely into the CaT*-CT ant i-correlation establ i shed by giant 
and dwarf elliptical galaxies iSaglia et alJ 120021 : ICenarro et alJ 
l200.3t iMichielsen et alJl2003h . At face value, these results sug¬ 
gest little difference between bulges and ellipticals, which works 
against the idea of secular evolution in terms of disc-triggered star 
formation. Still, details do reveal some interesting peculiarities. 
iBender & PaauelHl99.5h find that bulges of SOs show a large spread 
in Mg/Fe ratio, while the discs are mostly consistent with solar ele¬ 
ment ratios. Most interestingly, those bulges which have low Mg/Fe 
ratios also have younger ages. It seems this supports secular evolu¬ 
tion. Note, however, that those results refer to lenticular galaxies, 
while secular evolution is e xpected to be increasingly imp ortant for 
bulges of later-type spirals iKormendv & Kennicutli20o3l . 


2.4 Absorption line indices - present 

Clearly, new data sets are needed. Three major projects, two of 
them yet to be completed, aiming at the study of bulges in spiral 
gala xies can be found in the curre n t litera ture. 

iTrager, Dalcanton & Wgjn^ j 19991) plan to analyse a rela¬ 
tively large sample of 91 face-on spirals comprising a huge range 
of galaxy types from SO to as late as Sdm. The sample includes 
both barred and unbarred spirals. Long-slit observations along both 
the major and the minor axes are carried out at the Las Campanas 
Observatory (6.5m) giving relatively high resolution (2 A) in the 
4000 — 5200 A region. First results derived from 10 objects indi¬ 
cate that massive bulges of earlier type spirals are old and metal- 
rich like elliptical galaxies, while the smaller bulges of later types 
appear younger and more metal-poor iTrager et alJl999l) . These re¬ 
sults are in line with the colour studies basically supporting secular 
evolution, but the role of contamination from disc light still needs 
to b e assessed properly. 

^_jGoudfeoi^Go^^^UJaWonka| il999h and 

f J ablonka^orea^^Goudfa)^ i ]2002h have collected a sam¬ 
ple of 28 spirals of types from SO to Sc. Covering a similar 
wavelength range as the project above, exposure times of about 4h 
per object at a 4m-class telescope allow to study gradients of all 
important absorpti on features out to at least 1 i?e. In contrast to 
iTrager et'^il999ll . these authors select edge-on spirals rather than 
face-on. The idea is that placing the slit along the minor axis of an 
edge-on spiral, one obtains the real gradient of the bulge, only the 
very central pixels being contaminated by disc light. In particular 
for gradient studies, this approach should be superior over the 
face-on data sample in disentangling bulge and disc components. 
In a first analysis, bulg es are found to have si milar ages and Mg/Fe 
ratios like ellipticals tiablonka et alJ Ebo2h . Most interestingly, 
the index gradients measured are independent of the Hubble type 
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Figure 1. Lick absorption line indice s (inner ~ 250 pc) of early-type galaxies (circles) and spiral bulges ( ellipses with ellipti city increasing for the later 
types) fro m[^octor ^^ausom H2003l . The filled square is the integrated light of the Milky Way Bulge from IPuzia et alJ i2002l) . Stellar population models 
lThomas~ alJl2003ll200T for various ages, metallicities, and a/Fe ratios (see labels) are over plotted. In the left-hand and the right-hand bottom panels 
dotted and solid lines are models with solar and enhanced ([a/Fe] = 0.3) abundance ratios, respectively. In the right-hand top panel age is fixed to 5 Gyr. 


of the galaxy. These findings provide clear evidence against the 
secular evolution picture. 

Finally, PS02 present a sample of 16 bulges in spirals with 
types Sa to She, 6 lenticular and 11 elliptical galaxies. Like in the 
previous study, highly inclined targets are chosen. Slits are placed 
along the minor axes trying to avoid dust lanes, the wavelength 
range covered is similar to that of the studies above. The relatively 
modest exposure times (< 1 h) at a 4m-class telescope make this 
data sample less suitable for gradient studies. The main strength 
of this sample is the coverage of galaxy types, as the inclusion of 
lenticular and elliptical galaxies makes a very direct comparison 
with bulges possible. PS02 report both ages and a/Fe ratios of 
bulges to be lower than those in elliptical galaxies. A metallicity- 
mass relationship seems to be defined only by the bulges, and sharp 
differences between early and late-type bulges are apparent. These 
might be indication for secular evolution, even though this point is 
not discussed in the paper. 


3 STELLAR POPULATION PARAMETERS 

Fig. Q presents the Lick absorption line indices H5 a, H 7 A, H/3, 
Mgfe, and (Fe) citepWoretal94,Traetal98 of the P S02 sample in 
comparison with the stellar population models of iThomas et alJ 
i2Q03lE00^ for various ages, metallicities, and a/Fe ratios as in¬ 
dicated by the labels. The most important characteristic of these 
models is the inclusion of element abundance ratio effects us¬ 


ing metallicity-dependent index respo nse function calculated on 
high-r esolution model atmospheres bv iKom. Maraston & Thorn^ 
yOO^. Open circles are early-type galaxies (ellipticals and SOs), 
bulges are the ellipses with ellipticity increasing for the later types. 
The filled square is the integrated light of the Milky Way Bulge 
jPuzia et alJl2002h . These diagrams can already be used for first 
tentative conclusions on U-luminosity weighted ages and element 
abundances. The sample quite clearly forms an age sequence, 
bulges being both younger and less a/Fe enriched than ellipticals 
and SOs as already concluded by PS02 and most of the studies sum¬ 
marised in Section]^ 


3.1 Balmer line indices and element abundance ratios 

We want to draw the attention to another, more technical, but ex¬ 
tremely important issue: the consistency of age estimates from 
the vario us Balmer absorptio n indices H(5 a, H 7 A, and H/3. It is 
shown in|Thoma^^lJj2004^_tlwt the higher-order Balmer line in¬ 
dices fWorthe^^^ttavianilu99% become very sensitive to a/Fe 
element ratios at metallicities above solar. More specifically, the 
index strength significantly increases with increasing a/Fe ratio. 
The origin for this behaviour is the large number of Fe-lines lines 
in the pseudo-continua of the index definitions. A decrease of Fe 
abundance leads to a h igher pseudo-continuum, and hence a n in¬ 
creased index strength iThomas et ai]l2004l&m et alJl200.5h . As 
the a/Fe enhanced models are characterised by a decrease in Fe 
abundance, this results in a positive correlation of index strength 
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and a/Fe ratio. It is demonstrated that wit h the inclusion of this 
effect, consistent ages are derived for the iKuntschner & Davies! 
Jl998l) early-type galaxy sample from H/3 and H 7 A/H 7 F. Note 
that, the bluer the wavelength range considered, the more Fe lines 
pertur b the Balmer index, a nd a larger abundance ratio effect is pre¬ 
dicted iXhomas et all2003) . 

This can be appreciated in Fig.Q The dotted and solid lines 
are models with solar and enhanced ([a/Fe] = 0.3) abundance 
ratios, respectively. While the size of the effect is comparable to 
the measurement errors and negligible for H/3, H5 a clearly is most 
affected. Most importantly, the solar-scaled models (dotted lines) 
yield highly inconsistent age estimates from the three Balmer lines, 
a problem which disappears when the abundance ratio effect is 
taken into account (solid lines). A more quantitative comparison 
is presented in the following section. 

3.2 Results from the various Balmer indices and PS02 

We derive the luminosity weighted stellar population parameters 
age, metallicity, and a/Fe ratio from the metallic indices Mg 6 , 
Fe5270, Fe5335 plus a Balmer line index (H5a, H 7 a, or H/3) 
adopti ng the iterative procedure described in detail in iThomas et alJ 
^20051) . The aim of this section is to check consistency between 
the three Balmer indices and to confront the results with PS02. 
It should be noted beforehand that PS02 have corrected all three 
Balmer line indices for emission line filling adopting relationships 
between the Balmer and the [Olll] emission lines. Fig. [prelates 
age (top panels), metallicity Z/H (middle panels), and a/Fe (bot¬ 
tom panels) derived using the higher-order Balmer line index H5 a 
with the ones obtained with H/3 and H 7 A. The comparison with 
the results of PS02 is shown in the right-hand panels. Bulges are 
now plotted as filled circles without indicating the Hubble type to 
enhance the visibility of the plot. The dotted lines indicate identity. 

3.2.1 H5a-H/3 

Ages agree fairly well, but the scatter is large. For three bulges 
(NGC 4157, NGC 4217, NGC 4312) H/3 indicates significantly 
older ages, all three well above the age of the universe. Interest¬ 
ingly, exactly those objects show H /3 emission greater than ex¬ 
pected from [Out] (PS02). Therefore their ages must clearly be 
overestimated, a problem by which the higher-order Balmer line 
H(5 a is much less affected. In these three cases H/3 yields metallic- 
ities that are too low in line with the overestimated ages. The cases 
in which H^ emission appears lower than expected from [Olll] 
(NGC 3254, NGC 3769, NGC 4313) do not exhibit any systematic 
deviation between H/3- and H(5A-ages, but display a particularly 
large scatter. Otherwise, metallicities agree well. The a/Fe is quite 
insensitive to these problems, the agreement is very good. 

3.2.2 H(5a - H 7 A 

For the bulges, ages agree much better between H 7 A and HJa. 
In particular the emission line problems discussed above become 
much less severe, as expected, because H 7 is significantly less 
affected by emission than H/3 (see PS02 and references therein). 
NGC 4157, NGC 4217, NGC 4312 still show slightly older ages 
from H 7 A, but the deviation approaches the general scatter in the 
relationship. For about half of the early-type galaxies the ages are 
systematically underestimated by H 7 A with respect to H(5 a. From 
Fig.Q(bottom panels) it can be seen that these are the objects that 


scatter above the model grid in the [MgFeJ'-HyA plane. However, 
perfectly consistent ages are derived for the other half. As there 
are no systematic differences in the stellar population parameters 
between the two groups, we interpret this deviation as observa¬ 
tional scatter and a probable slight underestimation of observational 
errors. The younger ages of the ’deviating group’ go along with 
slightly lower metallicities and significantly higher a/Fe ratios. 
The latter comes from the high sensitivity of H 7 A to the abundance 
ratio. For the majority of the sample (including all bulges!), the es¬ 
timates of both Z/H and a/Fe from the two higher-order Balmer 
lines agree very well with each other. 

3.2.3 H5a - PS02 

Finally, the right-hand panels in Fig. show the comparison with 
the results of PS02. It is worth recalling here that PS02 do not use 
a specific Balmer line, but perform a minimum fit to all 25 Lick 
indices. This approach can be considered fully complementary to 
ours. While we use only the few line indices that we understand 
and model very well, PS02 average out the ignorance of the de¬ 
tail by using the maximum possible information available. Hence 
it comes somewhat as a surprise that the ages derived here with 
H5a, Mg h, Fe5270, and Fe5335 agree so well with those of PS02. 
This result is highly reassuring and suggests that these two rather 
orthogonal methods yield corre ct results. This conclusion gets fur - 
ther support from the study of IProctor. Forbes & Beasl^i2004h . 
who find good consistency between the ages of globular clusters 
derived from the Balmer li ne indices separately a nd their minimum 
method when using the lThomas et al.N2003h models (see their 
Fig. 5). There is some scatter in the ages of the early-type galax¬ 
ies, which most likely is scatter in our age derivation caused by the 
combination of observational errors in H5 a and the narrowness of 
the model grid at high metallicities (see Fig. 0. It should be em¬ 
phasized that we obtain almost identical ages for all the objects 
with suspicious emission line patterns (see above), which had been 
responsible for deviations in H/3- and HyA-ages. 

Likewise, metallicities agree. The a/Fe ratios are in reason¬ 
able agreement, and most importantly no systematic discrepan- 
cie s are detected . This does n ot come as a surprise as in both 
the lThomas eTakl <2003ll2004 models and the work of PS02 the 
incorporation of ab undance ratios is based on a similar method 
iTrager et alJ20003) . 

Still, some scatter is present, in particular for the bulges. These 
differences occur because the Thomas et al. models go into sig¬ 
nificant more detail than the method used by PS02 based on the 
IVazdekij^l999^ stellar population models. A major difference con¬ 
cerns the distinction of the various evolutionary phases for the in- 
clusion of the index re sponses to abundance ratios variations from 
lTriDicco~& Bei] il99.5l) . These are given for dwarfs, turnoff stars, 
and giants. Thomas et al. apply these in the various phases sepa¬ 
rately before the final stellar population is synthesised. PS02, in¬ 
stead, apply the correction to the synthesised model weighting the 
index responses with a constant giant-turnoff-dwarf ratio of 53-44- 
3. The latter reflects the contributions to the flux continuum from 
the various evolutionary phases. Hence, this approximation does 
not account for the temperature and gravity sensitivity of the in¬ 
dices, which causes significant deviations from th e giant-turnoff- 
dwarf ratio quoted above. For instance, as shown in iMaraston et alJ 
i2003h . in a 15 Gyr old stellar population with solar metallicity, the 
dwarfs do contribute 20 per cent to the final Mg index, despite the 
low continuum flux. This contribution even increases to 60 per cent 
in the most metal-poor case. 
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Figure 2. Comparison of the stellar population parameters age, metallicity, and abund ance ratios derived from t he H(5 a as functions of those when H/3 or 
H 7 A are used instead. The right-hand panels show the comparison with the results from|Proctoi_^^ansoiJ 1222^■ Open circles are early-type galaxies, filled 
symbols are bulges. 


A further strength of the Thomas et al. ( updated) models i s 
the use of the new index response function hv iKom et alJ i2005h . 
w hich are calculated for t he whole range of metallicities in contrast 
to lTripicco & BelJ il995h . who are restricted to solar. To conclude, 
the scatter is most likely produced by the difference in the stellar 
population model adopted, the a/Fe ratios derived here based on 
the Thomas et al. models being more precise. 

3.2.4 Relations with velocity dispersion 

To put the comparison discussed above into a more scientific con¬ 
text, in Fig. 13 we plot the stellar population parameters resulting 
from H(5 a, H 7 A, and H/3 separately as functions of velocity dis¬ 
persion a. A fourth panel shows the results of PS02. 

Both PS02 and our H^A-ages display a very tight correlation 
with a. The other two Balmer line indices yield the same relation¬ 
ship, but with significantly larger scatter. In particular some of the 


bulges with old H/3-ages fall back on the relationship when H(5 a 
is used instead. As mentioned earlier, those objects have indeed 
greater Hp emission than expected from the [Out] line, which re¬ 
sults in an under correction and therefore an underestimation of 
the real Balmer line strength. In the other cases the emission line 
correction has obviously been successful but has significantly in¬ 
creased the systematic error and hence the scatter about the relation. 
The same holds for H 7 A, as this index turned out to be as sensitive 
to the emission line problem as H/3, because of a reduction in the 
continuum level (see PS02). H(5 a is clearly to be preferred as age 
indicator, once the a/Fe effect is taken into account in the models. 
The extraordinary good consistency with the ages of PS02 further 
supports this conclusion. 

Total metallicities derived from H 7 A, H5a, and by PS02 agree 
well and show a clear correlation with a. Only the metallicities ob¬ 
tained through H/3 seem not to be accurate enough to display this 
relationship. In case of the a/Fe ratios the situation is different. 
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Figure 3. Comparison of the stellar population parameters age, metallicity, and abundance ratio obtained with various Balmer line indices (H/9, H 7 A, or H(5 a 
as indicated by the labels) as age indicators as a function of velocity dispersion. A fourth panel shows the results of PS02. Circles are early-type galaxies, 
ellipses are spiral bulges with ellipticity increasing for the later types, and the filled square is the integrated light of the Milky Way Bulge. Errors are indicated 
in Fig.|^ 


All three Balmer line indices yield clear a/Fe-cr relationships with 
comparable scatter, which is simply because the a /Fe ratio deter¬ 
mination does not crucially depend on the derived age. The results 
of PS02 are in overall reasonable agreement with this. Except, PS02 
find a/Fe ratios for NGC 3769 and NGC 4312 that are more than 
0.1 dex higher than ours and seem relatively high given the low 
velocity dispersions of these objects. This discrepancy at the low¬ 
er end dilutes the otherwise quite clear correlation between a/Fe 
ratio and a in the PS02 results. 


3.2.5 The Bulge of the Milky Way 

The filled square in Fig.l^shows the result for the integrated ligh t 
of the Milky Way Bulge (line index data from IPuzia et alJl2002h . 
As shown in iMaraston et alJ j2003h . the Bulge has relatively low 
Balmer line indices indicating a high luminosity weighted age and 
a low total metallicity (see Fig.0, which significantly deviate from 
the age- and Z/H-a relations found for the other bulges. Reason¬ 
able consistency is obtained only for tbe a/Fe ratio, as it depends 
only little on the Balmer line index. This result is in good agree¬ 
ment with the old ages and in reasonable ag reement with the mean 
metallicity obtained bv IZoccali et al.lf20Q.3il from a near-IR colour- 
magnitude diagram of the Bulge. However, the various Balmer in¬ 


dices do not provide consistent results. IPuzia et ai] j2002h measure 
a somewhat stronger H 7 A, which yields younger ages (and hence 
higher metallicities) that would be in much better agreement with 
the rest of the bulges (Fig.|3. Most interestingly, this young ’H7 a- 
solutio n’ is consistent with the parameters derived bv IProctor et alJ 
i2004h from the same data based on the technique. 


4 BULGES AND ELLIPTICALS IN COMPARISON 

The sample of PS02 contains both bulges and early-type galaxies. 
A direct comparison between the two subsets clearly suggests that 
bulges are younger, less metal-rich and less a/Fe enhanced. How¬ 
ever, the bulges in the sample have systematically lower central 
velocity dispersions a, and very clear correlations of these three 
parameters with a are evident. As all three param eters are known 
to correlate for early-type galaxy samples (e^^jFenera^&^^ 
[ 200(1 iTrager et alJlTOOPH: iNelan et alJl200.'5HThomas et alJiTOO.'if 
lBemaMre^ni^0.5l and references therein), and it is not clear, 
whether the difference in the stellar population properties is sim¬ 
ply the result of this relationship or whether it hints to different 
formation scenarios and disc influence in spiral bulges. A mean¬ 
ingful comparison as a function of Hubble type must certainly be 
carried out at a given a. 
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Figure 4. Stellar population parameters vs. velocity dispersion. Open circles are early-type galaxies from this work, ellipses are spiral bulges with ellipticity 
increasing for the later types (see l abels in the right-hand bottom panel), and the filled square is the integrated light of the Milky Way Bulge. Small grey filled 
circles are early-type galaxies fromlrii omas et a Dil^. Central stellar populations are shown. Errors are indicated in Fig.|2] 


In th e following, we theref ore confront the present results with 
the data of iThomas et alJfioOSll . in which stellar population param¬ 
eters for a sample of early-type galaxies extending to relatively low 
velocity dispersion of around 100 km/s are derived. In Fig. |4|we 
plot age, total metallicity, and a/Fe ratio of both samples as func¬ 
tions of velocity dispersion. For the PS02 sample (open symbols), 
the results obtained with the higher-order Balmer i ndex HJa (see 
previo us section) are adopted, while H/3 is used in iThomas et alJ 
^2005^ (filled grey circles). 

Before co nfronting the PS02 bu lges with the low-mass early- 
type galaxies of iThomas et alJ^200.5^ ■ we check consistency at high 
velocity dispersion log cr > 2.3 where both samples overlap in 
Hubble type. Ages and t a/Fe ratios of the PS0 2 early-type galax¬ 
ies (open circles) and the lThomas et Ii] <2005l) objects (filled grey 
circles) indeed agree very well. Metallicities of the PS02 objects 
are higher by about 0.1 dex, which most likely is an aperture ef- 
fect. While PS02 use a fixed central aperture of 3.6 x 1.25 arcsec^, 
iThomas et alJ l2005ll consider a variable aperture that ensures the 
coverage of 1/10 of the effective radius. Hence, for large objects, 
PS02 sample a more centrally concentrated fraction of the stel¬ 
lar population. Given the presence of a negative metallicity gradi- 


ent in earlv-tvne galaxies JDavies et alJll993l 

ICarollo & Danzigen 

1994 iFisher et all 

: 199.4 ISaglia et all 1200(1 IMehlert et all 120031; 

Wu et alJl2005 

Thomas et all 

), this explains the slight offset between PS02 and 
200^. Such an offset caused by aperture effects is 


not to be expected in age and a/Fe ratio, because earl y-type galax- 
ies are found to have no gradients in these parameters IPavies et all 


I2OOII: iMehlert et al]l2003l: IWu et alJl200.5ll . Ages and a/Fe ratios 
of the two samples indeed agree very well. 

A similarly good consistency between the samples is evident 
also in the low velocity dispersion regime (log cr ~ 2). Low-mass 
early-type galaxies and bulges appear to obey the same relation¬ 
ship of age and a/Fe ratio with a. Spiral bulges and low-mass 
early-type galaxies host stellar populations with the same young 
luminosity weighted ages around 2-3 Gyr. In line with these, both 
types of objects display low a/Fe ratios of about 0.1 dex reinforc¬ 
ing the presence of recent star formation suggested by the young 
ages. Metallicities agree at low cr, which is simply due to the fact 
that the smaller aperture of PS02 in small er objects samples a la rger 
proportion of light more consistent with iThomas et all l20Q5h . To 
conclude, the very prominent correlations of age, metallicity, and 
a/Fe with velocity dispersion found for spiral bulges holds also 
for early-type galaxies. 


5 STAR FORMATION HISTORIES 

The relationships age-cr and Z/H-cr given in iThomas et all l20Q5h 
are significantly flatter than what is inferred from Fig.|3 because 
th ey are derived f or obj ects with cr well above 100 km/s. As shown 
in iThomas et all ( 2 OO 3 ), the inclusion of low-mass objects steep- 
ens the corr elations for early-type galaxies s ignificantly (see also 
ISmittl200.'ill . Indeed, in iThomas et all l200.5ll the low-mass end of 
the sample is best reproduced assuming the occurrence of a minor 
(~ 10 per cent) recent (~ 1 Gyr ago) episode of star formation. 
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Figure 5. Stellar population parameters as function of velocity dispersion. Triangles are composite models considering the presence of a young subcomponent 
over an underlying old population (see Fig.[^. Grey symbols are the observational data points from Fig.|4| 


Redshift 



Lookback time 



log a 


Figure 6. Two-component star formation histories that reproduce the observed relationships between stellar population parameters and velocity dispersion 
(see triangles in Fig.|3. An underlying old population with a formation redshift Zf ~ 2 is perturbed by a young sub-component. Left-hand panel. The mass 
fraction of the secondary component (hatched rectangles) is fixed to 30 panel (top panel) and 10 per cent (bottom panel), formation redshift is varied. Plotted 
are the mass fractions of the two components as functions of look-back time and redshift (Llrmm = 0.2, Ha = 0.8, Hq = 72 km/s/Mpc). Labels give 
the associated velocity dispersions of the various realisations and the o/Fe ratio of the young population. Right-hand panel. The formation redshift is fixed 
to 2 : ~ 0.08 (con'esponding to a look-back time of 1 Gyr), and the mass fraction of the young component is varied. The plot shows this mass fraction as a 
function of velocity dispersion. 


5.1 Model parameters 

Similar in spirit to lde .Tong & Davi^ ^993), in the following we 
explore how the luminosity weighted ages and the above relation¬ 
ships can be reproduced by star formation histories characterised 
by secondary star formation on top of a dominating, underlying old 
population. We assume this latter base population to have an age 
of 10 Gyr corresponding to a formation redshift of 2 ~ 2, and to 
have an abundance ratio [g/Fel = 0.3 d ex, reflecting a rapid for¬ 
mation process (see lThomas et alJl200■'5^ . As we cannot constrain 
the mass contribution from a secondary burst, we test three options: 
two in which we fix the mass contribution of the recent star forming 
event to 10 and 30 per cent, respectively. In these two models we 
then vary as a free parameter the look-back time at which the sec¬ 
ondary burst must have happened, in order to match the luminosity 
weighted age. In the third model we fix the look-back time to 1 Gyr 
and vary, instead, the mass fraction of the secondary population. 

In general, the a/Fe ratio of the secondary population is var¬ 
ied such that the a/Fe-cr relationship of Fig.0is reproduced. For 


simplicity, metallicity is assumed to be the same for both the base 
old and the secondary population, and is chosen such that consis¬ 
tency with the correlation of Fig.|4|is ensured. This approach makes 
the sensible assumption that velocity dispersion (hence total mass) 
of the object determines the total metallicity of the entire popula¬ 
tion. The age and element abundance ratio, instead, are considered 
to be (T-dependent for the secondary burst and universal for the 
base population. This prior needs to be set, in order to avoid under¬ 
determination of the problem. From the Balmer line index and the 
two metal indices we derive age (for the first two options) or burst 
fraction (for the third option) and a/Fe ratio of the secondary pop¬ 
ulation, which are the main focus of this study. As a third parameter 
we obtain the metallicity of both components, which we need for 
consistency reasons. 

The stellar population parameters of the synthesised popula¬ 
tion are determined as follows: first we compute line indices (H5 a, 
H 7 A, H/3, Mg 6, Fe5270, Fe5335) of the two-component popula¬ 
tion. These are obtained by summing up the fluxes in the pseudo- 
continua and line windows, out of which the final index value is 
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calculated as described in, e.g.. lMaraston et a OiloO^)- From these 
mock observables we determine stellar population parameters. In 
this way we ensure that luminosity weighted quantities are ob¬ 
tained. The input parameters described above are iteratively modi¬ 
fied until observations as presented in Fig.|4|are reproduced. 

5.2 Consistency of the three Balmer indices 

It should be noted that the three Balmer line indices are consid¬ 
ered separately. As H5 a is located at a bluer part of the spectrum, 
it responds to slightly hotter temperatures than H/3. As a conse¬ 
quence, a composite stellar population with hot sub-components 
must lead to different age estimates from these two indices. The 
size of the effect, however, depends strongly on the turnoff tem¬ 
perature (hence the age) of the young component. In the previous 
section (see Fig.|3 it is shown that consistent age estimates are ob¬ 
tained. The present simulations allow us to quantify this effect and 
to test whether these consistent age estimates exclude the presence 
of a hot sub-component. 

The effect is maximum for a 1 Gyr sub-component, where the 
turnoff temperature hits exactly the wavelength of the H5 line. We 
find that around this maximum, H(5 a yields luminosity weighted 
ages that are about 10 — 20 per cent, i.e. 0.05 — 0.08 dex, younger 
compared to H/3. Fig. |4| shows that this difference is too small to 
be detected with the present data set. It should be emphasized tha t 
even younger subpopulations, as recently found bvm etalJ<20Q5ll 
in some fraction of early-type galaxies on the basis of GALEX 
photometry, would not affect the consistency of the ages estimated 
from H/3 and H5 as their turnoff temperatures are hotter than both 
H/3 and H5. 


5.3 Results 

Fig. m shows the stellar population parameters of the models de¬ 
scribed above as filled triangles in comparison to the observa¬ 
tional data (grey symbols). We produced models for log a = 
1.8, 2.0, 2.2 and 2.4, that - by construction - match the observed 
correlations with velocity dispersion. 

The star formation histories of these models are illustrated in 
Fig. 1^ The left-hand panel shows the first two options, in which 
the look-back time of the secondary burst is modified. The grey 
filled histogram is the underlying old population with a formation 
redshift of Zf ~ 2. The hatched histograms show the ages of the 
young sub-components (labels are velocity dispersions and a/Fe 
ratios). If we assume the young population to contribute 10 per 
cent to the total mass, the ages measured here for spiral bulges and 
low-mass early-type galaxies require recent star formation at red- 
shifts between « ~ 0.05 and 0.5, corresponding to look-back times 
between 0.7 and 4 Gyr. Assigning 30 per cent of the total mass 
to the young sub-component moves these quantities only mildly to 
higher look-back times as shown by the top panel. The lower a, 
the more recent is the required star formation. And the more recent 
the additional star formation, the lower the a/Fe ratio of the young 
component as a larger time span allows Fe enrichment from Type 
la supernovae (Fig.|^. 

Alternatively, if we fix the formation redshift of the young 
population, its mass fraction must increase with decreasing a 
(model 3). This is shown by the right-hand panel of Fig.|^ in which 
the fraction of the secondary component is plotted as a function of 
a. The contributions in mass from a 1-Gyr subcomponent increase 
from only 0.05 per cent for log a = 2.4 to as much as 25 per cent 
for the smallest bulges. 


6 DISCUSSION 

We analyse the central (inner ~ 250 pc) stellar populations of 
bulges in spiral galaxies with Hubble types Sa to Sbc by re-deriving 
luminosity weighted ages, metallicities, and a/Fe ratios of the 
PS02 sample. We find that all three stellar population parameters 
display very clear positive relationships with central velocity dis¬ 
persion. Our results confirm the previous finding of PS02 and, in 
particular, improve upon the correlation with a/Fe ratio. Lower- 
mass bulges have younger luminosity weighted ages and lower 
a/Fe ratios, both hinting toward the presence of extended star for¬ 
mation. These results are in line with the findings of previous stud¬ 
ies based on colours and absorption line indices as summarised 
in Section 1^ We note that the relatively young age (5 Gyr) de- 
riv ed for the bulge of th e SO galaxy NGC 7332 (logo- ~ 2.15) 
bv iFalcon-Barroso et ^ <2004|/ fits perfectly in the age-cr relation¬ 
ship shown here. In contrast. lsarzi et a find predominantly 

old stellar populations in the very centres (inner ~ 8 pc) of spiral 
bulges, which might be caused by the fact that the central black 
hole prevents star formation in its immediate vicinity. 


6.1 Bulges - just like low-mass ellipticals 


We show that the occurrence of recent secondary star formation 
episodes involving about 10-30 per cent of the total mass at look- 
back times between ~ 0.5 and 5 Gyr, corresponding to the redshift 
interval 0.05 ^ 0.5, provide a suitable explanation for the 

above relationships. The weight of the recent star formation event, 
either in terms of formation redshift or mass fraction, increases 
with decreasing bulge velocity dispersion. If we keep in mind that 
low a characterises pseudobulges, this may indicate that secondary 
evolution in bulges triggered b y disc instabilities as suggested by 
iKormendv & Kennicutd i2004h does take place, predominantly in 
low-mass objects. On the other hand, the stellar population prop¬ 
erties derived in this paper do not depend on Hubble type, which 
complements the previous findings that disc and bulge scale lengths 
as well as bulge to disc ratios correlate with bulge luminosity rather 
than with Hubble type jd£jon^^^)^urteau, de Jong & Broeilsl 


ll99d[Balcells, Graham & PdetieJ^Obll . This. in contrast, hints to 

an independent formation of the bulge rather than secular evolution. 


How can we resolve this apparent contradiction, and, more im¬ 
portantly, how can we get further hints about the process at work? 
If the evolution of the stellar populations in spheroids with discs 
around them, i.e. bulges of spiral galaxies, is affected by the pres¬ 
ence of the disc, then spheroids without discs, i.e. elliptical galax¬ 
ies, should exhibit different properties. We therefore compare in 
this paper the present results with the stella r population properties 
of early-type galaxies iThomas et al.l20d^ . It is shown in a num¬ 
ber of studies, that elliptical galaxies also obey a correlation be¬ 
tween luminosity weighted age and mass in the sen se that low-mass 

g i es are affected by late star formation (e^^jFemra^^^iS 
[Trager et al jl200()h|: [Nelan et alj |200.5t IrSma^^ni^OO^ 
Lri^^ll200^1caDDelia^^^n200^r md references therein). 
We find that bulges are generally younger than early-type 
galaxies, because of their smaller masses. Bulges and early-type 
galaxies exhibit the same correlation between their stellar popula¬ 
tion properties and mass. In other words, at a given cr, we find no 
difference between bulges and ellipticals, they are indistinguishable 
objects as far as their basic stellar population properties are con¬ 
cerned. Hence, Hubble type does not determine the stellar popula¬ 
tions of spheroids in a large range of Hubble type from E to at least 
Sbc, which is the latest type probed in the present study. The disc 
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does not significantly affect the bulge’s stellar populations. Bulges, 
like low-mass ellipticals, are rejuvenated, but not by secular evo¬ 
lution processes involving disc material. It should be emphasized 
that bulges with dust lanes (like e.g., NGC 4157), that are the most 
promising candidates for pseudobulges, also obey these relation¬ 
ships. Hence, secular evolution and pseudobulges can only play a 
role in spiral galaxies with types later than She. 

The picture of rejuvenation of bulges fits in well with the find¬ 
ing that b ulges are bluer than ellipticals at a ny given redshift out 
to 2 ~ 1 jEllis, Abraham & Dickinso^ |200l|). Our results provide 
a clearer insight into this. lElhs et alJ i 200 lh find that bulges are 
bluer because they have both younger ages and lower metallicities 
than the ellipticals in the sample, which in turn is the simple conse¬ 
quence of their lower velocity dispersions (or total masses). Indeed, 
in their Fig. 4 ellipticals with lower galactic concentration are as 
blue as the bulges at any redshift. It is intriguing that the observed 
near-IR J—H colours of the bulges are redder at a > 0.5, and sim¬ 
ilar to those of ellipticals at redshifts below 0.5. The redder near-IR 
colour might be connected to the TP-AGB star populati on present 
in ste llar populations with ages between 0.1 and 2 Gyr iMarastonI 
1 ^ 0 ^, but we cannot think of any reasonable star formation his¬ 
tory for which this effect should disappear below 2 ~ 0.5. On the 
contrary, it should even be more pronounced there, because the ob¬ 
served near-IR colour shifts more toward rest-frame near IR, where 
the effect of the TP-AGB is strongest. A more detailed investiga¬ 
tion of this issue would be interesting, but by far exceeds the scope 
of this paper. 

6.2 Caveats and open questions 

A general concern about probing the central stellar popula¬ 
tions in the bulge of a disc galaxy is the contamination from 
disc material in the line of sight. Based on observed bulge- 
to-disc ratios of edge-on spirals of type not later than She 
^Khosroshahi. Wadadekar & Kembhavill200(t) . PS02 argue that the 
disc contamination cannot exceed the 10 per cent level in light. 
Because of the relatively young luminosity weighted ages derived 
(consistent with PS02), the contribution of the young subpopula¬ 
tion exceeds this upper limit by far. In other words, the young 
ages found for bulges cannot be artifacts from projected young 
disc stars. If disc contamination was artificially lowering the de¬ 
rived ages, bulges would by inference be older than ellipticals at a 
given ( 7 , which would argue strongly against secular evolution. 

There is another intrig uing problem. T he bulge of our own 
galaxy is known to be old iRenzinilll999h . IZoccali et all J200.'lh 
analyse near-IR colour magnitude diagrams of large, statistically 
meaningful, bulge fields. They derive an age larger than 10 Gyr 
and find no trace of any younger stellar population. Interestingly, 
this result is perfectly consistent with the luminosity weighted age 
that we derive in this paper (see the square in Fig.|3. Also the sub¬ 
solar metallicity we derive is consisten t with the metallicity distri¬ 
bution derived bv IZoccali et al.l i200.'lh . However, these values are 
deviant from the general ages and metallicities of bulges. Our bulge 
appears significantly older and more metal poor. This is certainly 
an odd situation. 

In the present work, the old age for our bulge is derived from 
the H(5 a Balmer line index, and is consistent with the age ob¬ 
tained from H/3 (see Fig. |3. However, H 7 A suggests a consider¬ 
ably younger age of about 4 — 5 Gyr, which would then be consis¬ 
tent with the age-(T relationship of the other bulges. The metallicity 
would be slightly higher, and hence also more consistent with the 


derived relationship. It is possible that the measurements of both 
H(5 a and H/3 are corrupted, and that the younger age implied by 
H 7 A gives the correct res ult. This view is sup ported by the simi¬ 
larly young age derived bv IProctor et alJ i2004ll from the same data 
based on their technique. Note that the latter is quite insensitive 
to uncertainties of individual absorption line indices. This analysis 
suggests that the bulge of the Milky Way is not special. 

However, there is then a clear contradiction with the work of 
IZoccali et alJ i2003h . Their conclusion is certainly robust, and the 
only caveat that affects their non-detection of young stellar popu¬ 
lations is the correction from the contamination of foreground disc 
stars. Even though this is done very carefully using a large disc con¬ 
trol field, an overcorrection that ’removed’ young bulge stars cannot 
be entirely exclu ded. Alternatively, th e apparent conflict with the 
old age found by IZoccali et alJ i2003h might be resolved if there 
was a population gradient. The PS02 data and IPuzia et alJ i2002tl 
data for the bulge sample t he central region, th e inner ~ 250 pc, 
while the fields observed bv IZoccali et alJirOO.'lh are approximately 
1 kpc from the centre. A rejuvenation of the centre of our bulge 
would indeed fit with the f act that young stars and star cluster s 
are found in the very centre iFiger et alll999l:lGmzel et all2003ll . 
If significant, this would imply that bulges have positive age gra¬ 
dients, in contras t to early-type galaxies for which no age gradi- 
ents are detected iPavies et all200ll:lMehlert et all2003t ( wu et alj 
|20 o 3)- Detailed st udies of the gradients i n bulges may help in future 
to solve this issue ijablonka et all 2002 h . 


7 CONCLUSIONS 

The main aim of this paper is to investigate whether the evolution 
of the stellar population in bulges is modified by the presence of the 
disc. We seek to understand whether secular evolution, and maybe 
the formation of pseudobulges, play an important role in the evo¬ 
lution of spiral galaxies. Our approach is to compare the stellar 
population properties in bulges with those in elliptical galaxies at a 
given central velocity dispersion, hence spheroid mass. 

For bulges, a suitable sample is PS02 comprising 16 bulges 
in spirals with types Sa to She, 6 lenticular and 11 elliptical 
galaxies. We derive luminosity weighted ages, metallicities, and 
a/Fe ratios from one Balmer line index (H5 a, H 7 A, or H/3 con¬ 
sidered separately), and the metallic indices Mg b, Fe5270, and 
F e5335 using the element rati o sensitive stellar population models 
of|Th omas et a il <20031 Eool . As there is relatively little overlap 
in a between the bulges and the early-type galaxie s in the PS02 
sampl e, we compare the results with the sample of iThomas et alJ 
<200.511 . which contains elliptical galaxies with velocity dispersion 
as low as 50 km/s. For both samples we obtain very clear relation- 
ship s between all th r ee stel lar population parameters and a. 

iThomas et alJ <2004h demonstrate that the higher-order 
Balmer line indices are very sensitive to element ratios effects, and 
that consistent age estimates from H/3 and H 7 A are obtained only 
when these effects are taken into account in the models. Here we 
extend this exercise to H5a, as the PS02 sample includes also this 
index. We obtain very consistent estimates of ages, metallicities, 
and a/Fe ratios from the three Balmer line indices. Emission line 
filling plays a critical role, impacting crucially on the scatter of the 
derived age-cr relation. The latter is smallest for H(5 a. Importantly, 
the ages and metallicities derived here using H5 a are extraordi¬ 
narily consistent with those given by PS02. Note that PS02 do not 
use a specific Balmer line, but perform a minimum fit to all 
25 Lick indices, an approach fully complementary to ours. While 
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we use only the few line indices that we understand and model 
very well, PS02 average out the ignorance of the detail by using 
the maximum possible information available. The excellent consis¬ 
tency found here is reassuring and suggests that these two rather 
orthogonal methods yield correct results. It should be emphasized 
that the yf method is not dominated by the particular line indices 
used in the present study. 

In agreement with other studies, we find that bulges have rel¬ 
atively low luminosity weighted ages, the lowest age derived being 
1.3 Gyr. Hence bulges are not overall old, but are actually reju¬ 
venated systems. Interestingly, there is evidence that the bulge of 
the Milky Way also fits into this picture. We find clear correlations 
of all three parameters luminosity weighted age, total metallicity, 
and a/Fe ratio with central velocity dispersion, the smallest bulges 
being the youngest with the lowest a /Fe ratios owing to late Fe en¬ 
richment from Type la supernovae. We construct composite models 
in which a young subcomponent is superimposed over an underly¬ 
ing old population, in order to constrain the epoch and mass frac¬ 
tion of the rejuvenation event. We show that the smallest bulges 
must have experienced significant star formation events involving 
10 — 30 per cent of their total mass in the past 1 — 2 Gyr. Cu¬ 
riously, these results are not consistent with the age estimates for 
the Bulge of the Milky Way in the literature, which appears to have 
an overall old stellar population and no traces of recent star forma¬ 
tion. We discuss new evidence that at least the central ~ 500 pc of 
the Milky Way bulge contains a significant fraction of young stellar 
populations. _ 

The comparison with the lThomas et al.H200.5ll sample reveals 
that the above relationships with cr coincide perfectly with those of 
early-type galaxies. In other words, bulges are typically younger, 
metal-poorer and less a/Fe enhanced than early-type galaxies, 
only because of their smaller masses. At a given velocity disper¬ 
sion, bulges and elliptical galaxies are indistinguishable as far as 
the basic properties of their stellar populations are concerned. No 
significant correlations of the stellar population parameters with 
Hubble Type as late as She are found, instead. In other words, the 
stars in bulges do not originate in the discs. This result also agrees 
with the finding that structural parameters like disc and bulge scale 
lengths, as well as bulge-to-disc ratios, are correlated with bulge 
luminosity rather than with Hubble type. 

If central spheroids have the same properties in galaxies with 
and without discs, thi s clearly favours inside-out galaxy formation 
ivan den BoschllT99^ according to which the disc forms after the 
bulge. Models that aim to explain the formation of bulges through 
disc fragmentation processes need to push the formation epoch 
to relatively high re dshifts assuming high dissipation efficiencies 
ilmmeli et a ni2004h . Only in spiral galaxies of Hubble types later 
than She discs can have a significant influence on the evolution of 
the stellar populations in the bulge component. This fits with the 
fact that Sersic index drop s significantly in the transition between 
Hubble types She and Sd iBalcells et alJl2Q0^ . Secular evolution 
through the disc and the phenomenon of pseudobulge formation is 
most likely restricted to spirals of types Sc and later. 
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